We study the partial decay widths of the charmonium states (J/ψ, ψ(3686), ψ(3770), χ c0 , χ c2 ) to DD (D + D − or D 0D0 ) in isospin asymmetric nuclear matter, in the presence of strong magnetic fields.
I. INTRODUCTION
The topic of in-medium properties of hadrons and more recently, of heavy flavour hadrons [1] , is an important and challenging area of research in strong interaction physics, due to its relevance in the ultra relativistic heavy ion collision experiments. The estimated magnetic fields produced in noncentral ultra high energy nuclear collisions are huge [2] , which has initiated studies in the effects of strong magnetic fields on the in-medium properties of hadrons in the recent years. However, the time evolution of the magnetic field [3, 4] open charm and open bottom mesons [5] [6] [7] [8] [9] as well as the charmonium states [10] [11] [12] [13] in the presence of strong magnetic fields. The heavy ion collision experiments involve heavy nuclei which have much larger number of neutrons than protons, and hence the isospin asymmetry effects on the hadron properties are important to study. In the present work, we study inmedium decay widths of the charmonium states (J/ψ, ψ(3686), ψ(3770), χ c0 and χ c2 ) to DD, in isospin asymmetric nuclear matter in the presence of strong magnetic fields. These decay widths are computed using 3 P 0 model [14] [15] [16] , from the mass modifications of the charmonium states as well as D andD mesons calculated using a chiral effective model.
The heavy quarkonium states, e.g., the charmonium and bottomonium states have been studied extensively in the literature, using potential models [17] [18] [19] . The effects of the gluonic fluctutations on the quarkonium states have been studied in Refs. [20] [21] [22] , with a color Coulomb potential for the interaction of the heavy quark, Q and heavy antiquark,Q, within the quarkonium state. Assuming the separation of Q andQ, to be small compared to the characteristic scale of the gluonic fluctuations, the leading order contribution of a multipole expansion of the quarkonium state to the gluonic field leads to the mass of the quarkonium state to be proportional to the gluon condensate. In Ref. [23] , the in-medium masses of the charmonium states have been studied using leading order QCD formula [20] and the linear density approximation for the gluon condensate in the nuclear medium. Within the QCD sum rule approach, the mass modifications of the charmonium states are due to the medium changes of the gluon condensate [13, [24] [25] [26] [27] , whereas, the open heavy flavour mesons are modified due to the interaction with the light quark condensates in the hadronic medium [28] [29] [30] .
The heavy flavour mesons have also been studied in the literature, using quark meson coupling model [31] [32] [33] [34] , using heavy quark symmetry and interaction of these mesons with nucleons via pion exchange [35] , using heavy meson effective theory [36] , studying the heavy flavour meson as an impurity in nuclear matter [37] as well as using the coupled channel approach [38] [39] [40] [41] [42] .
Within the chiral effective model [43] [44] [45] , the in-medium charmonium masses are obtained from the medium changes of a scalar dilaton field, which mimicks the gluon condensates of QCD [16, 46, 47] and the mass modifications of the D andD mesons arise due to their interactions with the baryons and scalar mesons in the hadronic medium [16, [46] [47] [48] [49] . The chiral effective model has been used extensively in the literature, for the study of finite nuclei [44] , strange hadronic matter [45] , light vector mesons [50] , strange pseudoscalar mesons, e.g. the kaons and antikaons [51] [52] [53] [54] in isospin asymmetric hadronic matter, as well as for the study of bulk matter of neutron stars [55] . The light vector mesons (ω, ρ and φ) are modified in the hadronic medium, predominantly due to the medium changes in the light quark condensates [56] within the QCD sum rule approach. These vector mesons in (magnetized) hadronic matter have been studied using QCD sum rule calculations from the medium changes of the light quark condensates and gluon condensates calculated within the chiral SU(3) model [57, 58] . The kaons and antikaons have been recently studied in the presence of strong magnetic fields using this model [59] . The model has been used to study the open heavy flavour (charm and bottom) mesons [16, 46-49, 60, 61] , the heavy quarkonium states [16, 47, 62] , the partial decay widths of the heavy quarkonium states to the open heavy flavour mesons, in the hadronic medium [16] using a light quark creation model [15] , namely the 3 P 0 model [14] as well as using a field theoretic model for composite hadrons [63, 64] . Recently, the effects of magnetic fields on these open and hidden heavy flavour mesons have been investigated [8, 9, 12, 65] using the chiral effective model.
The outline of the paper is as follows : In section II, we describe briefly the quark pair creation model, namely the 3 P 0 model used to compute the in-medium partial decay widths of the charmonium states to DD in magnetized nuclear matter. The medium modifications of these decay widths are computed from the mass modifications of the charmonium states, D andD mesons calculated within a chiral effective model. In section III, we discuss the results obtained in the present investigation of these in-medium charmonium decay widths in asmmetric nuclear matter in presence of strong magnetic fields. In section IV, we summarize the findings of the present study. The in-medium partial decay widths of charmonium states ψ(3686), ψ(3770), χ c0 , χ c2 to DD were studied using 3 P 0 model in Ref. [15] , where the masses of the D andD mesons were assumed to have same medium modification, in addition to the degeneracy of the masses of the D + and D 0 within the D doublet, and of D − andD 0 within theD doublet in symmetric nuclear matter. In the asymmetric strange hadronic matter, the partial decay widths of the charmonium states, J/ψ, ψ(3686) and ψ(3770) to DD pair were calculated within the 3 P 0 model, using the mass modifications of these charmonium states, D andD mesons calculated within the chiral effective model [16] . The expressions for the decay widths of the charmonium states in the asymmetric nuclear matter, considered in the present investigation, are given as
Γ ψ(3770)→DD = π 1/2 E D EDγ 2 2M ψ(3770)
In the above, M ψ is the in-medium mass of the corresponding charmonium state, E D , ED are energies of the outgoing D andD mesons given as
with m D and mD as the in-medium masses of the D andD mesons, and p D is the 3-momentum
of the produced open charm mesons in the centre of mass frame given as
In the expressions for the partial decay widths of the charmonium states to DD, γ is the coupling strength related to the strength of the 3P 0 vertex. It signifies the probability for creating a light quark-antiquark pair. The wave functions of the charmonium states as well as D(D) mesons are assumed to be the wave functions with harmonic oscillator potential. The ratio r = β/β D , where β is the strength of the harmonic potential of the parent chamonium state and β D is the strength of harmonic potential of the daughter D(D)-meson. The scaled momentum x is defined as x = p D /β D . In this study the value of γ is chosen to be 0.33 which reproduces the observed decay widths of ψ(3770) to D + D − as well as to D 0D0 in vacuum [16] .
The value of β D is taken as 0.31 GeV in consistent with the decay widths of ψ(4040) to DD, D * D , DD * and D * D * in vaccum [23] .
We use an effective chiral SU(3) model [44] to study the in-medium masses of the charmonium states in asymmetric nuclear matter in the presence of an external magnetic field [12] .
The model is based on the nonlinear realization of chiral symmetry [66] [67] [68] and broken scale invariance [44, 45, 50] . The scale invariance breaking is through a logarithmic potential given in terms of a scalar dilaton field [69] , and the medium modification of the dilaton field gives the medium modification of the gluon condensate, used to calculate the charmonium mass in the nuclear medium in the presence of an external magnetic field. The contribution of the magnetic field is incorporated [70] [71] [72] [73] into the chiral effective model to study the mass modifications of the charmonium states [12] as well as open charm mesons [8] in the magnetized nuclear matter, including the effects of anomalous magnetic moments of the nucleons [70] [71] [72] [73] [74] [75] [76] . As has already been mentioned, the mass shift in the charmonium state arises due to the medium modification of the scalar gluon condensate, and hence due to the change in the value of the dilaton field in the chiral effective model, and is given as [12, 16, 23] 
where
m c is the mass of the charm quark, taken as 1.95 GeV, m ψ is the vacuum mass of the charmonium state and ǫ = 2m c −m ψ is the binding energy. ψ(k) is the wave function of the charmonium state in the momentum space, which has been assumed to be Gaussian [15, 16, 23] .
III. RESULTS AND DISCUSSIONS
We investigate the in-medium partial decay widths of the charmonium state ψ (J/ψ, ψ(3686), ψ(3770), χ c0 and χ c2 ) to DD pair in the magnetized nuclear matter. The medium modifications of these decay widths are calculated from the medium modifications of their masses. The in-medium masses of the charmonium states, J/ψ, ψ(3686) and ψ(3770) in asymmetric nuclear matter in the presence of strong magnetic fields, have already been studied using a chiral effective model in Ref. [12] . These masses were calculated from the medium changes of a scalar dilaton field, which simulates the gluon condensates of QCD, within the effective hadronic model through broken scale invariance. In the present work, the mass modifications of the 1P charmonium states, χ c0 as well as χ c2 have been studied, which are obtained from the medium modifications of the scalar dilaton field, χ, from the equation (8), using the wave function for the charmonium state to be of harmonic oscillator wave function for 1P state. The values of β (in GeV) for J/ψ, ψ(3686) and ψ(3770) (assuming these states to be 1S, 2S and 1D states) have been calculated to be 0.51, 0.38 and 0.37, from their rms radii r 2 of 0.46 2 fm 2 , 0.96 2 fm 2 and 1 fm 2 , respectively [16, 23] . For the 1P states, χ c0 and χ c2 , we extract the values of β from a linear extrapolation of the vacuum mass versus β graph of these 1P states as well is observed to be modified from its vacuum value of 3414.7 MeV to 3385.57 (3309) MeV at a density of ρ 0 (4ρ 0 ) for eB = 4m 2 π for symmetric nuclear matter, with AMM effects, and 3384.8 (3303.7) when AMM of nucleons are not taken into consideration. The mass shifts are oberved to be smaller with isospin asymmetry effects, as well as with increase in the magnetic field.
The mass shifts are observed to be larger when the AMM of the nucleons are not considered.
The mass of χ c2 is plotted in figure 2 . For symmetric nuclear matter, at a density of ρ 0 (4ρ 0 ) for eB = 4m 2 π , the mass of χ c2 is observed to be modified from its vacuum value of 3556.17 MeV to 3511 (3393) MeV with AMM effects, and 3509.9 (3382.9) when AMM of nucleons are not taken into consideration. The effects of isospin asymmetry as well as magnetic fields on the mass of χ c2 plotted in figure 2 are observed to be similar to that of χ c0 in the present work as well as to the mass modifications of the charmonium states J/ψ, ψ(3686) and ψ(3770) already studied in Ref. [12] . This is due to the fact that the mass modifications of the charmonium states are determined by the medium change of the scalar dilaton field in the magnetized nuclear matter. We investigate the in-medium decay widths of the charmonium states to DD in the magnetized nuclear matter, for the values of the isospin asymmetry parameter η as 0, 0.3 and 0.5 and magnetic fields eB = 4m 2 π and eB = 8m 2 π . For eB = 8m 2 π and in the case when the AMM effects of the nucleons are neglected, the decay width of J/ψ → D 0D0 is observed to be possible above a density of around 5ρ 0 . There is observed to be an increase in this decay width with density, reaching a value of around 27.9 MeV at 6ρ 0 . The decay J/ψ → DD is not observed in any other case considered in the present work.
The decay widths of ψ(3686) to DD in magnetized isospin asymmetric nuclear matter are plotted as functions of the baryon density in units of nuclear matter saturation density, in figure 3 for different values of the magnetic field and isospin asymmetry parameter. These are plotted for the channels (i) D + D − , (ii) D 0D0 as well as (iii) the total of these two channels. The decay of ψ(3686) is not possible in vacuum since the mass of this charmonium state is smaller than the combined mass of D andD in vacuum. However, at certain densities, these decays become possible, when the center of mass momentum, p D becomes non-zero with the medium modifications of the masses of the charmonium as well as the outgoing D andD mesons [15, 16] .
In symmetric nuclear matter (η=0), in the presence of magnetic field, eB = 4m 2 π , shown in panel (a) of figure 3, the threshold densities above which the decays ψ(3866) to D + D − and ψ(3866) to D 0D0 become possible are 4.5ρ 0 and 2.54ρ 0 respectively when the AMM of the nucleons are taken into account, and 4.1ρ 0 and 2.37ρ 0 when the AMM of nucleons are not considered. The higher value for the threshold density for the decay width of ψ(3866) to D + D − , as compared to for the channel ψ(3866) to D 0D0 is due to the reason that the masses of the charged D as well as chargedD mesons have positive shifts due to the contributions from the lowest Landau levels [8] , which makes the mass of D + D − to be larger than D 0D0 . For the magnetic field eB = 8m 2 π in symmetric nuclear matter, as shown in panel (b), the decay of ψ(3866) to D 0D0 becomes possible at a density of 2.4ρ 0 (2.2ρ 0 ) for the cases of with (without) AMM effects. The decay of ψ(3866) to D + D − is not observed even upto a density of 6ρ 0 .
In the isospin asymmetric nuclear medium with η=0.3, the densities above which the decays of ψ(3866) to D + D − and ψ(3866) to D 0D0 become possible are observed to be 3.3ρ 0 and 3.7ρ 0 respectively for eB = 4m 2 π as can be seen from panel (c) of figure 3 when the AMM of the nucleons are taken into account. These densities are modified to 3.12ρ 0 and 3.5ρ 0 , when the AMM effects are not taken into consideration. The contrasting behaviour of the threshold density for ψ(3686) → D + D − to be smaller than the channel ψ(3686) → D 0D0 for the isospin asymmetric case with η=0.3, as compared to the isospin symmetric case for eB = 4m 2 π , is due to the reason that the center of mass momentum of the outgoing D andD mesons, p D , has larger contribution from the last term of equation (7) for the case of outgoing mesons as D + D − as compared to D 0D0 , since the difference in the masses of D + and D − is much bigger than the difference in D 0 andD 0 masses. When the magnetic field is increased to eB = 8m 2 π , for asymmetric nuclear matter with η=0.3, as can be seen from panel (d) of figure 3 , the values for the threhold densities for decay to D + D − and D 0D0 are 4.6ρ 0 and 3.6ρ 0 for the case with AMM effects, which is similar to the behaviour as for the isospin symmetric case of higher threhold density for the charged DD decay as compared to neutral DD decay. This is because the masses of the charged mesons have larger positive mass shifts with increase in the magnetic field to eB = 8m π 2. When the AMM effects are taken into account, the threshold dnesity for ψ(3866) to D 0D0 is about 3.9ρ 0 and the decay of ψ(3866) to D + D − does not become possible even upto a density of 6ρ 0 .
With further increase in the isospin asmmetry, with η=0.5, only the decay channel of ψ(3686) to D + D − is possible, above a density of 2.9ρ 0 and 5ρ 0 for eB = 4m 2 π and eB = 8m 2 π respectively, when AMM of the nucleons are considered. In the case when the AMM effects are not taken into account, there is no dependence on the magnetic field, as the system consists of only neutrons for η=0.5 and the only effect of magnetic field can be through the AMM of neutron.
For the case of without AMM effects and for η=0.5, the decay of ψ(3686) to D + D − is possible above a density of about 2.7ρ 0 , and the decay to the neutral DD pair is not possible even upto a density of 6ρ 0 .
In figure 4 , the partial decay widths of ψ(3770) to DD are shown for different values of the isospin asmmetry parameter and magnetic fields, accounting for the effects of AMMs of nucleons and these results are compared with the case of not considering the AMM effects.
For symmetric nuclear matter (η=0), there is observed to be an initial decrease of the decay width upto a density of around 1.5ρ 0 followed by an increase at high densities both for the cases of eB = 4m 2 π and eB = 8m 2 π , as can be seen from panels (a) and (b) of figure 4. For eB = 4m 2 π , the decay is through the channel ψ(33770) → D 0D0 upto a density of 4.8ρ 0 (5.3ρ 0 ) when the decay to the charged DD mesons becomes possible. For the higher magnetic field of eB = 8m 2 π , as can be seen from panel (b) of figure 4 , the decay to the charged DD mesons does not become possible even upto a density of ρ 0 . For isospin asymmetric nuclear matter with η=0.3, there is observed to be an intial drop in the partial decay width of ψ(3770) → DD (solely due to contribution from the channel ψ(3770) → D 0D 0) with density, which becomes zero at around 1.05ρ 0 (0.9ρ 0 ) with (without) the AMM effects of the nucleons. The value of the decay width for ψ(3770) → D 0D0 remains zero upto a density of around 3.75ρ 0 (3.6ρ 0 ), with (without) AMM effects, above which there is observed to be an increase in this decay width with density. The decay channel ψ(3770) → D + D − is observed to become possible above a density of around 3.1ρ 0 (2.9ρ 0 ) when the AMM effects are considered (neglected). For the magnetic field eB = 8m 2 π , the behaviour is similar to case of eB = 4m 2 π , for the case when the AMM of the nucleons are not taken into account. On the other hand, for the case when AMM effects are considered, there is no decay to charged DD pair observed even upto a density of 6ρ 0 . For the isospin asymmetry parameter, η=0.5, the decay is only through the channel ψ(3770) → D + D − , for both eB = 8m 2 π and eB = 4m 2 π . In figure 5 , the effects of isospin asymetry, magnetic field and density on the partial decay widths of χ c0 to DD are shown. There is observed to be a threshold density above which the decay is observed to be possible for both the charged and neutral DD channels. There is observed to be an initial increase with density, followed by a drop when the density is further increased. The AMM effects are observed to be large for higher value of magnetic field.
In figure 6 , the partial decay widths of χ c2 → DD is plotted as functions of the baryon density for different values of isospin asymmetry parameter and magnetic fields, both with and without AMM effects of the nucleons. There is observed to be a threshold density for both the charged and neutral DD pair channels, and the decay width is observed to increase monotonically with density. This behaviour can be understood looking at the polynomial part (in p D ) of the partial decay width which increases with p D , which in turn is an increasing function of the baryon density. This behaviour of monotonic increase in the decay width of χ c2 was also observed in Ref. [15] , as a function of the mass drop in D andD mesons in the nuclear medium.
IV. SUMMARY
We have studied the effects of magnetic field on the partial decay widths of the charmonium states, J/ψ(3097), ψ(3686), ψ(3770), χ c0 and χ c2 to DD in isospin asymmetric nuclear matter.
These are obtained using the mass modifications of the D andD mesons as well as the charmonium states, calculated within a chiral effective model. The mass modifications of the open charm mesons, D (D 0 ,D + ) andD (D 0 , D − ) arise due to their interactions with the nucleons and the scalar mesons, where as the in-medium masses of the charmonium states are calculated from the medium changes of the scalar dilaton field, which simulates the gluon condesates of QCD within the chiral effective model. In the presence of the magnetic field, the proton has contributions from the Landau energy levels. There is observed to be unequal masses for the D 0 and D + within the D meson doublet, as well as forD 0 and D − within theD doublet, even in isospin symmetric nuclear matter, due to difference in the interactions with the proton and neutron, as well as due to contributions from the Landau energy levels for the charged D andD mesons, in the presence of magnetic field. In symmetric nuclear matter, the threshold densities for which the decay widths of the charmonium state to DD turns out to be smaller for the D 0D0 channel as compared to for D + D − channel, as the masses of the D + as well as D − have positive shifts in the presence of magnetic field. The effects of isospin asymmetry, magnetic fields are observed to be quite appreciable on the partial decay widths for the charged and neutral DD pair channels, which will affect the production of these mesons in high energy asymmetric heavy ion collision experiments.
